Introduction
============

The lack of effective therapy for glioblastoma multiforme (GBM), which remains one of the most challenging solid cancers to treat because of its highly proliferative and invasive nature, has necessitated identification of new treatment strategies. Histone deacetylase (HDAC) inhibitors with potent chemopreventive and chemotherapeutic activities inhibit tumour development through inhibition of cell proliferation, induction of cell-cycle arrest and apoptosis of cancer cells \[[@b1]\]. HDAC inhibition has been reported to promote growth arrest in glioma cells \[[@b2]--[@b4]\]. Scriptaid, a recently identified HDAC inhibitor \[[@b5]\], arrests growth of endometrial and ovarian cancer cells \[[@b6]\]. As HDAC inhibitors are emerging as a promising anti-neoplastic strategy, we assessed the effect of scriptaid on glioma cell apoptosis.

Activation of c-Jun-NH~2~-terminal kinase/stress-activated protein kinase (JNK) plays a functional role in HDAC inhibitor-mediated apoptosis \[[@b7]\]. Importantly, JNK activation potently sensitizes glioma cells to apoptosis \[[@b8]\] by triggering apoptotic cascades \[[@b9]\]. JNK is activated by MAP kinase kinases (MAPKK), and the GTP-binding protein, Ras, plays a crucial role in MAP kinase activation \[[@b10]\]. We have recently demonstrated that increased Ras activation can play an active role in glioma cell apoptosis \[[@b11]\], and the pro-apoptotic effects of Ras are mediated by MAPK \[[@b12]\]. As HDAC inhibitors are known to induce cell death selectively in cells that harbour activated kRasV12 \[[@b13]\], we evaluated the ability of scriptaid to affect Ras/JNK activity in glioma cells. HDAC inhibitors are also known to suppress telomerase reverse transcriptase mRNA expression in prostate cancer cells \[[@b14]\] and JNK is a key regulator of telomerase activity \[[@b15]\]. Moreover, telomerase inhibition is a promising approach for the targeting GBMs \[[@b16]\] and HDAC inhibitor has been shown to inhibit telomerase activity and hTERT expression in brain cancer cells \[[@b17]\]. Therefore, the ability of scriptaid to effect telomerase activity was also investigated.

Here, we show that scriptaid-induced JNK activation plays a crucial role in triggering glioma cell death. Although scriptaid affected the expression of molecules involved in cell-cycle regulation and DNA damage repair response in a JNK-dependent manner, it decreased telomerase activity independent of JNK activation. Our results indicate that scriptaid not only (*i*) induces glioma cell death and inhibit their proliferation but also (*ii*) decreases telomerase activity.

Materials and methods
=====================

Antibodies, inhibitors and plasmids
-----------------------------------

Antibodies to Ras, JNK and phospho-p38MAPK were purchased from Cell Signaling Technologies (Beverly, MA, USA). Antibodies to p21 and p27 were purchased from BD Biosciences (San Diego, CA, USA) and Abcam (Cambridge, UK), respectively. Antibodies to c-Myc, p38MAPK and phospho-JNK were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA). Antibody to β-actin was purchased from Sigma (St. Louis, MO, USA). Antibodies to H2AX, γH2AX, acetylated H3 and H4 were purchased from Upstate Biotechnology (Temecula, CA, USA). Inhibitors for p38MAPK (SB203580) and JNK (SP600125) were purchased from Calbiochem (La Jolla, Ca, USA) and Sigma, respectively. Constitutive active Ras (RasV12) and dominant negative (RasN17) were purchased from Clontech (Mountainview, CA, USA). Scriptaid was purchased from Tocris Cookson, UK.

Cell culture and treatment
--------------------------

Glioblastoma cell lines LN229 and T98G obtained from American Type Culture Collection (Manassas, VA, USA) were cultured in DMEM, supplemented with 10% FBS. On attaining semi-confluence, cells were switched to serum-free media, and after 6 hrs, cells were treated with different concentrations of scriptaid (in dimethyl sulphoxide, DMSO) for 24 hrs. DMSO-treated cells were used as controls. To investigate the role of Ras in scriptaid-induced glioma cell death, cells were transfected with dominant negative (RasN17) or constitutive active (RasV12) Ras constructs using Lipofectamine 2000 (Gibco-Invitrogen, Rockville, MD, USA), as described previously \[[@b11]\]. The transfection efficiency was greater than 80% as determined by transfection with GFP-expressing construct. Twenty-four hours after transfection, cells were either left untreated or treated with scriptaid for 24 hrs. To determine the role of MAPK in scriptaid-induced apoptosis, cells were pretreated with 20 μM p38MAPK (SB203580) and JNK (SP600125) inhibitors, respectively, for 1 hr. Following pretreatment, cells were co-treated with inhibitors and scriptaid for 24 hrs. Treated cells were then processed for MTS, Ras, HDAC, telomerase activity and Western blot analysis. All reagents were purchased from Sigma unless otherwise stated.

Determination of cell viability
-------------------------------

Cell viability was assessed using the \[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt\] (MTS) according the manufacturer's instruction (Promega, Madison, WI, USA), as described previously \[[@b11]\]. Following treatment of cells (4 × 10^3^) with scriptaid in 96-well plate, 20 μl of MTS solution was added. After 4 hrs of incubation the absorbance reflecting reduction of MTS by viable cells was determined at 490 nm. Values were expressed as a percentage relative to those obtained in controls.

Assay of caspase-3 activity
---------------------------

The Colorimetric Assay Kit for caspases-3 (Sigma) was used to determine the enzymatic activity of caspase-3 in glioma cells treated with scriptaid, as described previously \[[@b18]\]. The assay is based on spectrophotometric detection of the chromophore *p-*nitroaniline (*p*NA) after cleavage from the substrate peptides conjugated to *p*NA. The substrate peptide used for the colorimetric assay of caspase-3 is Ac-DEVD. Following treatment, cells were lysed with the lysis buffer provided, and 100 μg of the protein lysates were incubated with the colorimetric substrate with assay buffer provided at 37°C for 2 hrs in a 96-well microplate. The *p*NA released by cleavage of the peptide was quantified spectrophotometrically at 405 nm in a microtitre plate reader.

Western blot analysis
---------------------

Proteins from whole cell lysates and nuclear extracts were isolated as described previously \[[@b19]\]. Thirty microgram of protein isolated from control and scriptaid-treated cells was electrophoresed on 6--12% polyacrylamide gel and Western blotting was performed as described \[[@b19]\], using the following antibodies: Ras, p38MAPK, pp38MAPK, JNK, pJNK, p21, p27, cMyc, γH2AX, H2AX, acetylated H3 and H4. For histone extraction, cells were lysed in H-buffer (50 mM Tris HCl, 150 mM NACl, 2 mM EDTA, 1% Triton-100) and incubated at 4°C for 15 min before centrifugation at 2000 rpm for 10 min. After a wash step in H-buffer the pellet was dissolved in H-buffer containing 0.2 M HCl and incubated on ice for 30 min, before a second centrifugation at 10,000 rpm for 10 min. The supernatant was directly used for immunoblotting. Secondary antibodies were purchased from Vector Laboratories Inc (Burlingame, CA, USA). After addition of chemiluminescence reagent (Amersham, Buckinghamshire, UK), blots were exposed to Chemigenius Bioimaging System (Syngene, Cambridge, UK) for developing and images were captured using Genesnap software (Syngene). The blots were stripped and reprobed with anti-β-actin to determine equivalent loading as described \[[@b19]\].

Comet assay
-----------

Comet assay was performed as described previously \[[@b20]\]. Briefly, untreated and scriptaid-treated cells were mixed with 120 ml of low-melting-temperature agarose (0.5% in PBS) and added to microscope slides that had been covered with a bottom layer of 1.5% agarose. Slides were processed using alkali denaturation and electrophoresis (0.86 V/cm) for 20 min each. Images of 50 randomly selected cells stained with ethidium bromide were analysed.

HDAC activity assay
-------------------

The HDAC activity assay was performed using the HDAC activity kit according to the manufacturer's instructions (Upstate Biotechnology, Temecula, CA, USA). Briefly, HDAC assay buffer was added to nuclear extract obtained from control and scriptaid-treated glioma cells followed by addition of HDAC assay substrate and incubation at 37°C for 1 hr. Activator solution was then added and samples were incubated for an additional 20 min at room temperature and absorbance was read at 405 nm.

Flow cytometric analysis of DNA content
---------------------------------------

To determine the effect of scriptaid on glioma cell-cycle progression, FACS analysis of DNA content was performed as described \[[@b18]\]. Control and scriptaid-treated cells were fixed in 70% ethanol and stored at −20°C. The fixed cells were then washed in PBS, resuspended in propidium iodide solution (BD Biosciences) for 20 min at room temperature, and flow cytometric analysis of 10^6^ cells was carried out using Cell Quest program on FACS Calibur (BD Biosciences). The percentages of cells in the G1, S, and G2/M phases of the cell cycle were analysed with the Mod Fit LT program as described \[[@b18]\].

Telomerase activity
-------------------

Telomerase activity of cells treated with scriptaid in the presence and absence of JNK inhibitor was determined using the *T*elo*TAGGG* Telomerase PCR ELISA Plus kit (Roche Diagnostics, Germany). Cells (2 × 10^5^) were lysed according to the manufacturers' instruction and equal amount of protein (0.5 μg) from cell extracts was added to 25 μl of reaction mixture and 5 μl of internal standard, and the final volume was made 50 μl by adding nuclease-free water. Primer elongation was done for 30 min and amplification reaction was performed for 30 cycles. The amplification product (2.5 μl) was mixed with 10 μl of denaturation reagent and 100 μl of hybridization buffer, transferred to streptavidin-coated microplate, and the reaction was incubated for 2 hrs. The hybridization buffer was then removed, 100 μl TMB substrate solution was added per well and the reaction mixture was incubated for 30 min following which 100 μl of stop reagent was added in each well, and absorbance of samples was measured at 450 nm with reference wavelength at 690 nm using ELISA reader.

Measurement of Ras activity
---------------------------

The Ras activity was performed using a commercially available Ras activation assay kit purchased from Upstate Biotechnology (Temecula, CA, USA), as described previously \[[@b11]\]. Briefly, cells (2 × 10^6^) treated with scriptaid for different time intervals were lysed in Mg^2+^ lysis buffer. Lysates (500 μg) were incubated for 1 hr at 4°C with beads coated with a fusion protein (GST-Raf1-RBD) consisting of GST fused to the Ras-binding domain of Raf-1. Beads were washed three times with cold Mg^2+^ containing lysis buffer, and bound protein was eluted by boiling for 5 min with 10× sample buffer and analysed by immunoblotting for Ras.

Results
=======

Scriptaid induces apoptosis in glioma cells
-------------------------------------------

To investigate whether scriptaid affects glioma cell viability, LN229 and T98G glioma cells were treated with increasing concentrations of scriptaid for 24 hrs and cell viability was determined using MTS assay. Although treatment with 5 μM of scriptaid for 24 hrs reduced glioma cell viability to approximately 85%, an approximately 30% decrease in viability was observed in LN229 and T98G, respectively, upon treatment with 10 μM scriptaid, as compared to the untreated control ([Fig. 1A](#fig01){ref-type="fig"}). A further decrease in cell viability by approximately 50% was observed in both the cell lines upon treatment with 20 μM scriptaid ([Fig. 1A](#fig01){ref-type="fig"}).

![Scriptaid induces apoptosis in glioma cells. (A) Scriptaid decreases viability of glioma cells in a dose-dependent manner. LN229 and T98G cells (5 × 103) were treated with 5--20 μM scriptaid for 24 hrs, and cells were subjected to MTS assay. The graph represents decrease in glioma cell proliferation upon treatment with increasing concentration of scriptaid. (B) Fold increase in caspase-3 activity in LN229 and T98G cells treated with different concentrations of scriptaid for 24 hrs, as determined by the caspase-3 activity assay. Values in (A) and (B) represent the means ± SEM from three independent experiments. \*Significant decrease/increase from control (*P*≤ 0.05).](jcmm0014-2151-f1){#fig01}

We next determined the levels of active caspase-3 in cells treated with scriptaid. Although the expression of active caspase-3 in glioma cells was unaffected in cells treated with 5 μM of scriptaid ([Fig. 1B](#fig01){ref-type="fig"}), a significant 2.3- and 2.7-fold increase in caspase-3 activity was observed in T98G and LN229 cells, respectively, upon exposure to 10 μM scriptaid as compared to the control. A further increase in caspase-3 activity by approximately 3.4- and 3.8-fold was observed upon treatment of T98G and LN229, respectively, with 20 μM scriptaid ([Fig. 1B](#fig01){ref-type="fig"}). Because the activation of caspase-3-like proteases is crucial in apoptotic cell death \[[@b21]\], these results suggest that scriptaid induces apoptosis in glioma cells.

Scriptaid decreases HDAC activity and increases acetylation of H3 and H4 histone in glioma cells
------------------------------------------------------------------------------------------------

Because scriptaid is a known HDAC inhibitor, we investigated its ability to regulate the HDAC activity in glioma cells. A significant --40, 50 and 60% decrease in HDAC activity was observed in T98G cells upon treatment with 5, 10 and 20 μM scriptaid ([Fig. 2A](#fig02){ref-type="fig"}). A similar trend was observed in LN229 cells ([Fig. 2A](#fig02){ref-type="fig"}). As increased histone acetylation is associated with diminished HDAC activity, we determined the acetylation status of H3 and H4 in scriptaid-treated glioma cells. Scriptaid potently induced hyperacetylation of both histones H3 and H4 in glioma cells ([Fig. 2B](#fig02){ref-type="fig"}). The decrease in HDAC activity was concurrent with increased H3 and H4 acetylation.

![Scriptaid decreases HDAC activity and increases histone acetylation of glioma cells. (A) Scriptaid treatment decreases HDAC activity in glioma cells. HDAC activity of scriptaid-treated LN229 and T98G cells was performed using HDAC activity assay kit according to manufacturer\'s instruction. A decrease in HDAC activity in LN229 and T98G cells upon exposure to increasing dose of scriptaid was observed. Values represent the means ± SEM from three independent experiments. \*Significant decrease from control (*P*≤ 0.05). (B) Scriptaid induces H3 and H4 hyperacetylation in glioma cells. Western blot analysis was performed on nuclear extracts obtained from LN229 and T98G cells treated with scriptaid. An increase in H3 and H4 acetylation was observed upon exposure of glioma cells to increasing concentration of scriptaid. A representative blot is shown from three independent experiments with identical results. Blots were reprobed for β-actin to establish equivalent loading.](jcmm0014-2151-f2){#fig02}

Scriptaid alters the expression of molecules associated with cell-cycle regulation
----------------------------------------------------------------------------------

HDAC inhibitor-mediated activation of p21^WAF1^ plays a major role in arresting tumour cell proliferation \[[@b22]\]. As scriptaid significantly inhibited the proliferation of glioma cells, we determined the expression of molecules associated with cell-cycle progression in these cells. Treatment with scriptaid increased the expression of p21 and p27 in a dose-dependent manner ([Fig. 3A](#fig03){ref-type="fig"}). The HDAC inhibitor SAHA increases expression of p21 and decreases c-Myc levels in pancreatic cancer cells \[[@b23]\]. As oncoprotein c-Myc suppresses p21^WAF1^ transcription \[[@b24]\] and because p21 expression was elevated in scriptaid-treated glioma cells, we determined cMyc expression in these cells. Increase in p21 levels was concomitant with decrease in cMyc expression ([Fig. 3A](#fig03){ref-type="fig"}).

![Scriptaid induces glioma cell-cycle arrest. (A) Scriptaid increases the expression of p21, p27 and decreased cMyc level in glioma cells in a dosedependent manner. LN229 and T98G cells were treated with different concentration of scriptaid for 24 hrs and Western blot analysis was performed to detect the expression of cell-cycle regulatory proteins p21, p27 and cMyc. A representative blot from three independent experiments with identical results is shown. Blots were reprobed for β-actin to establish equivalent loading. (B) Treatment of glioma cells with scriptaid induces G2 arrest in the cell cycle. FACS analysis was performed on cells treated with scriptaid and the percentages of cells in the various cell-cycle phases were plotted. FACS analysis profiles of scriptaidtreated cells are shown. Insets indicate percentage cells in G1, S and G2/M phases of the cell cycle in T98G cells. C and S denote control and scriptaid, respectively.](jcmm0014-2151-f3){#fig03}

As treatment of glioma cells with scriptaid altered the expression of molecules associated with cell-cycle regulation, we performed FACS analysis to determine the cell-cycle profile of scriptaid-treated cells. An approximately 3- and 4-fold increase of cells at the G2 phase was observed in scriptaid-treated LN229 and T98G cells, respectively ([Fig. 3B](#fig03){ref-type="fig"}). Scriptaid also increased the cells arrested in S phase from 11.72 and 11.66% in control to 35.98 and 17.23% in LN229 and T98G cells treated with scriptaid, respectively ([Fig. 3B](#fig03){ref-type="fig"}). This increased accumulation indicated that scriptaid causes cell-cycle arrest at S and G2 phases in glioma cells.

Scriptaid induces increased DNA damage signalling response
----------------------------------------------------------

cMyc induces DNA damage and chromosomal instability by preventing repair of replication-stress-induced DNA lesions \[[@b25]\]. Moreover, HDAC inhibitors have been reported to induce phosphorylation of H2AX in leukaemia cells \[[@b26]\]. Because a decrease in cMyc expression was observed in scriptaid-treated glioma cells, we determined the expression of γ-H2AX in these cells. The expression of γ-H2AX was elevated following scriptaid treatment ([Fig. 4A](#fig04){ref-type="fig"}), in a dose-dependent manner. The levels of total H2AX were unaffected by scriptaid treatment ([Fig. 4A](#fig04){ref-type="fig"}).

![Scriptaid induces DNA damage in glioma cells. (A) Scriptaid affects the ability of glioma cells to repair DNA damage. Ability of scriptaid-treated glioma cells to participate in DNA damage response was detected by determining the expression of γ-H2AX (Ser^139^) and H2AX by Western blot analysis. A representative blot from three independent experiments with identical results is shown. Blots were reprobed for β-actin to establish equivalent loading. (B) Treatment of glioma cells with scriptaid increases DNA damage as determined by comet assay. The figure is a representative of comet assay performed on control and scriptaid-treated T98G and LN229 cells.](jcmm0014-2151-f4){#fig04}

The ability to repair DNA damage is essential to cell survival because maintained DNA breaks induce apoptosis \[[@b27]\]. As expression of DNA damage repair protein γ-H2AX was elevated in scriptaid-treated cells, comet assay was performed to determine the effect of scriptaid on glioma cells. Treatment with scriptaid resulted in increase in comet tail length as compared to untreated control, suggesting an induction of DNA damage by scriptaid ([Fig. 4B](#fig04){ref-type="fig"}).

Scriptaid increases Ras expression and activity in glioma cells
---------------------------------------------------------------

Ras induces DNA damage signalling response \[[@b28]\] and cells that senesce in response to oncogenic Ras accumulate DNA damage foci \[[@b29]\]. Disruption of cooperation of Ras and cMyc promotes growth arrest of neuroblastoma cells \[[@b30]\]. Moreover, oncogenic Ras promotes HDAC inhibitor butyrate-induced apoptosis \[[@b31]\]. Because scriptaid-triggered apoptosis was concomitant with decrease in cMyc and increase in γ-H2AX, we investigated the contribution of Ras in scriptaid-induced apoptosis. Western blot analysis demonstrated an increase in Ras expression in LN229 and T98G cells upon increasing exposure to scriptaid ([Fig. 5A](#fig05){ref-type="fig"}).

![Scriptaid increases the expression and activity of Ras in glioma cells. (A) Scriptaid increases Ras expression in glioma cells in a dose-dependent manner. LN229 and T98G cells were treated with different concentration of scriptaid, and Ras level was determined by Western blot analysis. A representative blot is shown from three independent experiments with identical results. Blots were reprobed for β-actin to establish equivalent loading. (B) Effects of scriptaid on the levels of GTP-bound Ras. The levels of Ras-GTP in protein extracts of control and scriptaidtreated LN229 and T98G cells were determined by the ability of Ras-GTP to bind to a specific protein domain of Raf in the form of a GST-fusion protein. An increase in Ras activity was observed in glioma cells treated with increasing concentration of scriptaid both at 1 and 24 hrs post-treatment, as compared to the control. The figure is representative from three independent experiments with identical results. (C) Scriptaidinduced cell death is dramatically increased in the presence of constitutive Ras. Glioma cells transfected with constitutive active Ras (RasV12) were treated with scriptaid for 24 hrs and cell viability was determined by MTS assay. Ras activity in cells transfected with RasV12 or control vector in the presence or absence of scriptaid. The graph represents the percentage of viable cells as determined by MTS assay, observed when RasV12-transfected or untransfected glioma cells were treated in the presence and absence of scriptaid for 24 hrs. Values represent the means ± SEM from three independent experiments. \*Significant decrease from control (*P*≤ 0.05); \#significant change from scriptaid-treated cells (*P*≤ 0.05).](jcmm0014-2151-f5){#fig05}

As Ras levels were elevated in scriptaid-treated cells, we next investigated the effect of scriptaid on Ras activity. Lysates from cells grown in the presence or absence of scriptaid for different intervals of time were subjected to a Ras-GTP pull-down assay \[[@b32]\]. The levels of activated Ras were dramatically elevated in glioma cells at 1 hr after scriptaid treatment ([Fig. 5B](#fig05){ref-type="fig"}). Importantly, this heightened level of activated Ras was sustained even at 24 hrs post-treatment with scriptaid ([Fig. 5B](#fig05){ref-type="fig"}). Thus, scriptaid-induced apoptosis of glioma cells was concurrent with increased Ras activity.

Pro-apoptotic effects of scriptaid are mediated by increased Ras activation
---------------------------------------------------------------------------

Oncogenic Ras induces apoptosis \[[@b33]\] and inducible expression of kRasV12 sensitizes cells to HDAC inhibitor-induced apoptosis \[[@b13]\]. We therefore determined whether elevated Ras was critical in scriptaid-induced cell death. Glioma cells were transfected with the expression plasmid coding for constitutively active Ras (RasV12) in the absence or the presence of scriptaid. The decrease in cell viability observed when glioma cells were treated with scriptaid was further decreased in cells expressing the constitutive active Ras (RasV12). T98G cell viability was reduced from 87, 77 and 54% in mock-transfected cells to 72, 51 and 37% in RasV12-transfected cells, upon treatment with 5, 10 and 20 μM concentration of scriptaid, respectively ([Fig. 5C](#fig05){ref-type="fig"}). Similar trend was observed in LN229 cells ([Fig. 5C](#fig05){ref-type="fig"}). However, glioma cells transfected with dominant negative RasN17 were only marginally protected from scriptaid-induced apoptosis as compared to untransfected cells (data not shown). This suggests that RasN17 cannot completely override scriptaid-induced increase in Ras activity. To demonstrate that transfection with constitutive RasV12 elevates Ras activity, Ras GTPase activity was determined in glioma cells transfected with RasV12 or control vector in the presence or absence of 20 μM scriptaid. Although transfection with constitutive RasV12 resulted in a increase in Ras activity as compared to the mock-transfected control, the effect was more pronounced in scriptaid-treated cells ([Fig. 5C](#fig05){ref-type="fig"}).

Pro-apoptotic effects of Ras are mediated by the JNK pathway
------------------------------------------------------------

The pro-apoptotic effects of Ras are mediated by the MAPK pathway \[[@b12]\]. Because HDAC inhibitors induce apoptosis in leukaemia cells through JNK activation \[[@b7]\], we investigated the status of p38MAPK and JNK activation in scriptaid-treated glioma cells. An elevation in JNK and the p38MAPK phosphorylation was observed in glioma cells upon increasing exposure to scriptaid ([Fig. 6A](#fig06){ref-type="fig"}), as compared to the untreated control. Treatment with scriptaid had no effect on the total p38MAPK and JNK levels in glioma cells ([Fig. 6A](#fig06){ref-type="fig"}).

![The pro-apoptotic effect of scriptaid is mediated by JNK. (A) Scriptaid increases p38MAPK and JNK phosphorylation in glioma cells. Western blot analysis was performed to detect the expression of p38MAPK, phosphop38MAPK, JNK and pJNK in glioma cells treated with increasing concentration of scriptaid. Representative blot is shown from three independent experiments with identical results. Blots were reprobed for β-actin to establish equivalent loading. (B) Scriptaid-induced cell death is significantly attenuated in the presence of JNK inhibitor. The graph represents the percentage of viable cells as determined by MTS assay, observed when glioma cells were treated with scriptaid in the presence or absence of JNK inhibitor. Cells were treated with 20 μM scriptaid alone or in combination with 20 μM SP600125 for 24 hrs. Values represent the means ± SEM from three independent experiments. \* Significant change from control; \#significant change from scriptaid-treated cells (*P*≤ 0.05).](jcmm0014-2151-f6){#fig06}

As p38MAPK and JNK activity was elevated in scriptaid-treated cells, the viability of scriptaid-treated glioma cells in the presence and absence of SB203580 and SP600125-respective inhibitors of p38MAPK and JNK was determined. Treatment of glioma cells with scriptaid in the presence of SB203580 had no effect on scriptaid-induced glioma cell death (data not shown). Although inhibition of p38MAPK had no effect in reversing scriptaid-induced cell death, JNK inhibition significantly decreased scriptaid-induced apoptosis ([Fig. 6B](#fig06){ref-type="fig"}). However, inhibition of JNK activity was unable to completely reverse the anti-proliferative effect of scriptaid. Although treatment of T98G cells with 5, 10 and 20 μM scriptaid decreased cell viability by 86, 75 and 52%, respectively, the viability increased to 94, 86 and 69% in cells co-treated with increasing concentration of scriptaid in the presence of JNK inhibitor ([Fig. 6B](#fig06){ref-type="fig"}). This suggested the involvement of pathways other than that mediated by increased JNK activation, which triggers the anti-proliferative effect of scriptaid. As we have recently reported that ERK activation plays an active role in mediating Miltefosine-induced apoptosis of glioma cells \[[@b11]\], we determined the status of ERK phosphorylation in scriptaid-treated cells. Treatment with scriptaid had no effect on ERK phosphorylation, which remained comparable to control levels (data not shown).

Scriptaid-induced changes in cell-cycle regulatory and DNA damage response repair proteins are JNK dependent
------------------------------------------------------------------------------------------------------------

Inhibition of tumour cell-cycle arrest through JNK activation has been reported \[[@b34]\]. Because JNK activation is involved in scriptaid-induced glioma cell death, we investigated whether JNK pathway modulate cell-cycle regulatory proteins by determining p21 and p27 expression in glioma cells treated with scriptaid in the presence and absence of JNK inhibitors. The increased p21 and p27 expression observed upon scriptaid treatment was reversed in the presence of JNK inhibitor ([Fig. 6](#fig06){ref-type="fig"}). Ras induces DNA damage signalling response \[[@b28]\] and JNK activation radiosensitizes colon carcinoma cells through enhanced DNA damage \[[@b35]\]. Because increased Ras and JNK activation was observed in scriptaid-treated cells, we determined the expression of γ-H2AX in cells treated with scriptaid in the presence and absence of JNK inhibitors. The elevated levels of γH2AX observed in scriptaid-treated cells were abrogated to control levels in the presence of JNK inhibitor ([Fig. 7](#fig07){ref-type="fig"}). The increase in pJNK levels observed in scriptaid-treated cells was decreased to control levels in the presence of JNK inhibitor. These results indicate the involvement of JNK in scriptaid-induced DSB response in glioma cells.

![Scriptaid-mediated DNA damage response and alteration in cellcycle regulatory molecules in glioma cells are JNK dependent. Glioma cells were treated with 20 μM scriptaid in the presence or absence of 20 μM JNK inhibitor SP600125, and Western blot analysis was performed. A decrease in pJNK, p21, p27 and H2AX expression respectively was observed in cells treated with scriptaid in the presence of JNK inhibitor, as compared to those treated with Scripatid alone. Representative blot is shown from three independent experiments with identical results. Blots were reprobed for β-actin to establish equivalent loading.](jcmm0014-2151-f7){#fig07}

Scriptaid-mediated suppression of telomerase activity in glioma cells is JNK independent
----------------------------------------------------------------------------------------

Telomerase is composed primarily of the catalytic subunit (hTERT) and the RNA template (hTERC), and hallmarks of telomere dysfunction include chromosome end fusion and telomere shortening, which can lead to cell-cycle arrest. Telomerase inhibition is also known to cause apoptosis in human cancers \[[@b36]\]. HDAC inhibitors have been reported to suppress telomerase reverse transcriptase mRNA expression in prostate cancer cells \[[@b14]\]. Besides, JNK is a key regulator of telomerase activity \[[@b15]\]. Because the pro-apoptotic effects of scriptaid are partially mediated by JNK, we investigated the ability of scriptaid to effect telomerase activity in the presence and absence of JNK inhibitor. An approximate 50% reduction in telomerase activity was observed in both LN229 and T98G cells, upon treatment with 20 μM scriptaid ([Fig. 8](#fig08){ref-type="fig"}). However, scriptaid-mediated decrease in telomerase activity was not JNK mediated as telomerase activity observed in scriptaid-treated cells was unaffected in the presence of JNK inhibitor ([Fig. 8](#fig08){ref-type="fig"}). As inhibition of telomerase activity has been suggested to cause cell death in glioma \[[@b16]\], the ability of scriptaid to abrogate telomerase activity may subsequently result in reduced glioma cell proliferation and cell death.

![Scriptaid decreases telomerase activity in glioma cells in a JNKindependent manner. Treatment with scriptaid decreases telomerase activity of glioma cells. Glioma cells were treated with 20 μM scriptaid in the presence or absence of 20 μM JNK inhibitor SP600125, and *T*elo*TAGGG* Telomerase PCR ELISA was performed. The decrease in telomerase activity observed in scriptaid-treated cells was unaffected by JNK inhibitor. Values represent the means ± SEM from three independent experiments. \*Significant decrease from control (*P*≤ 0.05).](jcmm0014-2151-f8){#fig08}

Discussion
==========

HDACs play an important role in the epigenetic regulation of gene expression, and aberrant epigenetic changes are a hallmark of cancer. As a consequence, the efficacy of HDAC inhibitors as promising candidates for cancer therapy has been extensively evaluated for a wide range of malignancies. Although HDAC inhibition is known to promote growth arrest in glioma cells \[[@b2]--[@b4]\], no studies have evaluated the effect of scriptaid on glioma cell proliferation. We therefore evaluated the therapeutic potential of HDAC inhibitor scriptaid in the treatment of glioblastoma and investigated its mechanisms of action.

Although the high levels of active Ras has been a target for Ras inhibitor-mediated glioma therapy \[[@b37]\], we have shown that Miltefosine induces apoptosis in glioma cells by increasing Ras/ERK activity \[[@b11]\]. Here, we report that scriptaid-induced glioma cell apoptosis is Ras dependent as overexpression of constitutive Ras enhances scriptaid-induced apoptosis. Although scriptaid elevated both p38MAPK and JNK phosphorylation, it was the inhibition of JNK activation that prevented scriptaid-induced glioma cell apoptosis to a considerable extent. The ability of enhanced JNK activity to amplify the intensity of scriptaid-mediated apoptosis is in line with previous findings that JNK activation enhances apoptosis of transformed cells \[[@b38]\].

HDAC inhibitors have been reported to increase γH2AX expression in leukaemic cells \[[@b26]\], and H2AX is a target of JNK signalling pathway required for apoptotic DNA fragmentation \[[@b39]\]. H2AX is also involved in cellular apoptosis as JNK/H2AX pathway cooperates with the caspase-3 pathway to induce apoptosis \[[@b40]\]. It is possible that scriptaid-mediated JNK-dependent increase in H2AX expression co-operates with increased caspase-3 to induce apoptosis.

HDAC inhibitor suppresses telomerase activity in prostate cancer cells \[[@b14]\] and JNK is a key regulator of telomerase activity \[[@b15]\]. Moreover, dysfunctional telomeres activates DNA damage checkpoint \[[@b41]\] and cellular response to telomere dysfunction is governed by proteins such as γ-H2AX \[[@b42]\]. We also report for the first time that scriptaid inhibits telomerase activity in JNK-independent manner. The ability of scriptaid to inhibit telomerase activity may lead to telomere dysfunction and might contribute to apoptosis. The telomerase activity inhibition, coupled with its ability to induce apoptosis and regulate DNA damage response by scriptaid, warrants further investigation of its role as a promising therapeutic strategy in GBM.
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